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Abstract
Background: Diabetes–related lower limb amputations are associated with considerable morbidity and mortality
and are usually preceded by foot ulceration. The available systematic reviews of aggregate data are compromised
because the primary studies report both adjusted and unadjusted estimates. As adjusted meta-analyses of
aggregate data can be challenging, the best way to standardise the analytical approach is to conduct a meta-
analysis based on individual patient data (IPD).
There are however many challenges and fundamental methodological omissions are common; protocols are rare
and the assessment of the risk of bias arising from the conduct of individual studies is frequently not performed,
largely because of the absence of widely agreed criteria for assessing the risk of bias in this type of review. In this
protocol we propose key methodological approaches to underpin our IPD systematic review of prognostic factors
of foot ulceration in diabetes.
Review questions;
1.What are the most highly prognostic factors for foot ulceration (i.e. symptoms, signs, diagnostic tests) in people
with diabetes?
2.Can the data from each study be adjusted for a consistent set of adjustment factors?
3.Does the model accuracy change when patient populations are stratified according to demographic and/or
clinical characteristics?
(Continued on next page)
* Correspondence: Fay.crawford@ed.ac.uk
1Department of vascular Surgery, Freeman Hospital, Newcastle upon Tyne
Hospitals NHS Foundation Trust, High Heaton, Newcastle NE7 7DN, UK
Full list of author information is available at the end of the article
© 2013 Crawford et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
Crawford et al. BMC Medical Research Methodology 2013, 13:22
http://www.biomedcentral.com/1471-2288/13/22(Continued from previous page)
Methods: MEDLINE and EMBASE databases from their inception until early 2012 were searched and the
corresponding authors of all eligible primary studies invited to contribute their raw data. We developed relevant
quality assurance items likely to identify occasions when study validity may have been compromised from several
sources. A confidentiality agreement, arrangements for communication and reporting as well as ethical and
governance considerations are explained.
We have agreement from the corresponding authors of all studies which meet the eligibility criteria and they
collectively possess data from more than 17000 patients. We propose, as a provisional analysis plan, to use a multi-
level mixed model, using “study” as one of the levels. Such a model can also allow for the within-patient clustering
that occurs if a patient contributes data from both feet, although to aid interpretation, we prefer to use patients
rather than feet as the unit of analysis. We intend to only attempt this analysis if the results of the investigation of
heterogeneity do not rule it out and the model diagnostics are acceptable.
Discussion: This review is central to the development of a global evidence-based strategy for the risk assessment
of the foot in patients with diabetes, ensuring future recommendations are valid and can reliably inform
international clinical guidelines.
Background
Diabetes–related lower limb amputations are associated
with considerable morbidity and mortality and are
usually preceded by foot ulceration. A recent analysis of
diabetes-related amputation rates in England found
there is a wide variation in incidence and researchers
suggest that this may be explained by a variation in the
delivery of care [1]. Annual assessment procedures are
recommended to identify those people with diabetes
who are at risk of foot ulceration [2-5] and there is some
evidence to support the use of certain diagnostic tests,
symptoms and signs but the role of other contributory
factors is less clear [6]. Currently there is insufficient
evidence that interventions to reduce foot amputations
or ulcerations are clinically or cost effective [7].
Meta-analyses based on aggregate data of independent
prognostic factors found the duration of diabetes, HbA1c,
Peak Plantar Pressure (PPP), and vibration perception
threshold (VPT) all distinguish between those people who
will develop a foot ulcer and those who will not. However,
there was significant heterogeneity between studies which
may be due to differences in lengths of follow-up, methods
of ascertaining the presence of ulcers and the use of differ-
ent cut-off points (thresholds) for some of the tests [6].
A systematic review of clinical prediction rules (CPRs)
for assessing the risk of developing diabetic foot ulceration
in people with diabetes identified five different risk stratifi-
cation tools derived from consensus amongst clinical
experts, literature reviews and prospective studies using
logistic regression methods [8]. The prognostic factors
were foot deformity, peripheral neuropathy, peripheral
vascular disease (pulses and/or ABI), and previous ampu-
tation, the presence of callus, the HbA1c, Tinea pedis, and
onymychosis. The review concludes that the CPR which
possesses the greatest accuracy continues to be the subject
of debate.
Both reviews [6,8] found wide variations in the
estimates of the incidence of foot ulceration across
different study populations (2% to 17%) and as prediction
tools derived from high risk populations may be of less
value in the general diabetic population, this deserves
further consideration.
These systematic reviews represent the best attempts
to integrate evidence of prognostic factors to date, [6,8]
but the findings are compromised because authors of
some primary studies report adjusted estimates whilst
others report unadjusted estimates and it is unclear
whether the same confounders or effect modifiers have
been used. Conventional meta-analytic techniques using
data that have been estimated or averaged across all
individuals in a study - aggregate data - do not permit
adjustments for confounding to be performed and the
best way to reliably analyse data from several cohort
studies using a standard approach is to use individual
patient data (IPD) [9,10].
There are several advantages of IPD meta-analyses,
but the ability to conduct a more complete time-to
-event analysis, where outcomes can be adjusted for
prespecified covariates is key. We propose to conduct a
systematic review and meta-analysis of IPD to create a
statistical model of independent predicative factors of
diabetic foot ulceration [9-11].
A detailed assessment of 20 IPD articles conducted as
part of a synthesis of IPD reviews identified many
challenges associated with this research method and the
time-consuming and costly nature requires proper consid-
eration. Fundamental methodological omissions are com-
mon: the assessment of the risk of bias arising from the
conduct of individual studies is not usually performed and
a priori study protocols and ethics are rare [12].
Our protocol has been informed by this work and we
have identified 15 cohort studies through searches of
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approximately 17,000 patients worldwide and the
authors of the original reports have agreed to collaborate
in this research by sharing data.
This review is central to the development of a global
evidence-based strategy for the risk assessment of the
foot in patients with diabetes, ensuring future valid
recommendations that can reliably inform international
clinical guidelines. A flow diagram of the stages involved
in a systematic review of IPD can be found in Additional
file 1: Appendix 1 [10].
Presentation of the hypothesis
Planned investigation
Research questions
 What are the most highly prognostic factors for
foot ulceration in people with diabetes (symptoms
signs, diagnostic tests and elements from the
patient history) based on IPD analysis?
 Can the data from each study be adjusted for a
consistent set of adjustment factors?
 Does the model accuracy change when patient
populations are stratified according to demographic
or clinical characteristics?
Testing the hypothesis and Implications of the
hypothesis
Planned investigation
Research objectives
We will systematically review cohort studies and include
individual patient data in a meta-analysis to estimate the
prognostic value of clinical characteristics and diagnostic
test results. This will allow us to develop a prognostic
model of the risk factors for diabetic foot ulceration
(DFU) based on data collected worldwide. We will test
the robustness of the model in different demographic
profiles – for example, age, duration of diabetes, control
of diabetes (insulin, diet or oral medication) and type of
diabetes (Type I, Type II).
Search method
The electronic search strategies used for in a previous
systematic review by members of our group will be
conducted according to the published methods [13].
Copies of the EMBASE and MEDLINE search strategies
can be found in Additional file 2: Appendix 2.
Selection criteria
One reviewer will apply the IPD review eligibility criteria
to the full-text articles of the studies identified in our lit-
erature search and also all studies excluded from our ag-
gregate systematic review to ensure we do not miss
eligible IPD. A second reviewer will apply the eligibility
criteria to a 10% random sample of the abstract search
yield to check that no relevant material will be missed
by having only one reviewer assess all the abstracts.
Eligibility criteria
Types of Participants
The IPD review will only include data from individuals
who are free of foot ulceration at the time of study entry
and who have a diagnosis of diabetes mellitus (either
type 1 or type 2). Corresponding authors of all identified
cohort studies will be contacted and invited to share
their data. When we identify studies with patients who
had prevalent foot ulcers at the time of recruitment, we
will ascertain whether IPD are available for patients who
were free of ulceration at the time of recruitment.
Types of exposure variables
All elements from the patient history, symptoms, signs
and diagnostic test results will be considered for inclu-
sion in the prognostic model. These are collected vari-
ously as continuous, binary and multi-categorical data.
Type of outcome variable
The outcome variables will be incident foot ulceration
(present/absent) and time to ulceration from initial diag-
nosis of diabetes as well as from the time of screening.
Types of studies
We will seek data from all cohort studies which included
participants who were free of foot ulceration at the time
of study recruitment. Our previous work indicates that
data collected in older studies could be difficult to ob-
tain and we are aware that some investigators are no
longer in possession of their study data (Personal com-
munication, D. Armstrong 2012). Where data are un-
available, details of the study will be presented in
aggregate form in the final report.
Cohort studies which recruited patients with prevalent
and incident foot ulceration will be considered for inclu-
sion where it is possible to separate the data for these
patients.
Data extraction and quality assessment
Data extraction will be undertaken by 2 reviewers
working independently and disagreement will be
resolved by discussion. For quality assessment, a 2-stage
process will be used; 2 reviewers working independently
will complete those items available from the published
report together with information provided by authors of
the primary studies.
The assessment of methodological quality is an
important component of an IPD systematic review but
there is complexity in assessing potential threats to the
validity of primary studies for this research genre. No
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in aggregate systematic reviews of prognostic studies
[14] and there is a complete absence of established
guidelines for prognostic IPD reviews (personal commu-
nication, D. Altman, R.Riley 2012). Although flaws in the
recruitment of patients or the manner of data collection
can influence review findings, some domains usually
assessed by systematic reviewers of published reports are
irrelevant, e.g. those pertinent to the analysis performed
by the primary authors. We have compiled a list of items
relevant to our IPD review question which are likely to
identify studies with data which are compromised by
threats of validity. This checklist of items can be found
in Additional file 3: Appendix 3 [15-26], it has been
refined during a pilot phase by 2 researchers working
independently.
Heterogeneity
As with any meta-analysis, heterogeneity must be
considered, both from a clinical and statistical viewpoint.
First, clinical expertise will be used to decide if it would
be meaningful to combine the studies based on the pa-
tient demographics, risk factors (symptoms, signs and
diagnostic test results), outcome measures and timing of
outcome measures (length of follow-up). We will exam-
ine histograms of relevant variables from each dataset to
check the spread, mean, median, and skewedness, and
the consistency of these properties across datasets, be-
fore reaching a decision about whether it makes clinical
or statistical sense to combine the data. We will also
consider relationships between variables using tables and
scatter plots.
Sources of heterogeneity that particularly concern us
are differences between the patient groups with regard
to basic demographics and disease spectrum as these
may have a strong influence on prognosis and the
performance of the tests. Also important are the various
methods used to conduct the tests, which again may
lead to marked differences in test performance. Another
potentially important source of heterogeneity is length
of follow-up as this may impact on the proportion of
patients who develop ulceration. These aspects will be
carefully detailed during the review process.
We are aware that a consensus has not yet been
reached about the investigation of heterogeneity in IPD
systematic reviews. Therefore we will use conventional
methods of investigating heterogeneity on aggregate data
generated from the datasets. We shall therefore generate
summary measures and use these to create forest plots
and compute I [2] statistics [27]. I [2] values of 50% and
75% have been used to denote moderate and high levels
of variation between studies that are not explainable by
chance. We shall use these figures as a guide only,
together with the results from the IPD [28].
Statistical analysis
We propose to use a multi-level mixed model, using
“study” as one of the levels. Such a model can also allow
for the within-patient clustering that occurs if a patient
contributes data from both feet, although to aid inter-
pretation, we prefer to use patients rather than feet as
the unit of analysis. We will only attempt this analysis if
the results of the investigation of heterogeneity do not
rule it out and the model diagnostics are acceptable.
As the datasets should contain the date of initial diagno-
sis of diabetes and the date, if any, of foot ulceration, we
propose to use survival analysis. Covariates will be added
to the model based on clinical relevance, if there are many
possible covariates that could be added given the number
of events and patients and there is a danger of model over-
fitting, the clinicians will be asked to choose a subset of
covariates based on their expertise and experience. We
shall not use data-derived methods as these lead to overly
optimistic estimates of model performance. Model per-
formance will be assessed graphically and with chi-square
and other goodness-of-fit statistics.
As we plan to use the patient, rather than the foot, as
the unit-of-analysis, we can use a simpler model that will
be easier to interpret. It is also important from the view
of patient outcomes – an amputation affects the patient
as a whole and not just the foot. One approach to con-
struct the model is to use the most badly affected foot
from each patient. However, if the model performance
merits an analysis using the foot as the unit-of-analysis,
and of course allowing for the correlation between feet
belonging to the same patient, we shall conduct such
an analysis.
To avoid a loss of information, wherever possible we
shall keep continuous variables as continuous and not
dichotomise or otherwise categorised variables, e.g. we
shall use BMI, rather than subdivide patients into
“underweight”, “normal weight”, “overweight”,a n d“obese”.
Sometimes the relationship between a continuous covariate
and the outcome is not linear, and in such cases we will
investigate the use of fractional polynomials and similar.
Validation of the dataset
We intend to undertake both internal and external valid-
ation of the prognostic model. For internal validation,
we will not divide the datasets into development and
validation subsets, as this is a relatively inefficient
method of validating prediction models. Instead we shall
use bootstrapping as it is less susceptible to bias and
leads to more stable model development [28]. For
external validation, we shall reserve one or two of the
datasets to test the final model obtained in the main
analyses. The reserved datasets will be chosen on the
basis of completeness of variables collected so that, we
hope, all the variables present in the final model will also
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modification of the final model for external validation
purposes. We also shall look at various characteristics of
each dataset such as patient demographics when choosing
the reserve datasets to ensure that these datasets are not
atypical of the set of datasets.
Unfortunately we are currently lacking the data required
for a full power calculation. However, as an illustration, as-
suming that it is possible to split the sample of 17000 evenly
in half into patients with and without some prognostic fac-
t o r ,i tw o u l db ep o s s i b l et od e t e c ta2 %d i f f e r e n c ei nt h e
proportions of patients with foot ulcers in each group with
over 90% power. This calculation assumes that the ulcer-
ation rate in one group is 0.10 and 0.08 in the other. With a
Type I error rate of 0.05, these figures give a power of
99.53%.
Handling missing data
Our method for handling missing data will depend on
the extent of the missingness and if the mechanism
causing the missingness is known, specifically if they are
missing completely at random, or not. If the datasets
contain missing data for which there is no explanation,
they will be assumed to be ‘missing at random [29].
We will use ICE multiple imputation (ICE programs,
Stata 11.0) [30], and include all available patient
variables (including the patient outcome: foot ulceration)
in the imputation model to help predict missing data for
the variables of interest. Twenty imputed datasets will
be used and included in the imputation procedure. To
test the validity of the imputation, a sensitivity analyses
will be performed restricting our cohort to patients
without missing data (complete case analysis) [31].
Specifying variables for analysis
A full list of the most common variables reported in cohort
studies is presented in Additional file 4: Appendix 4.
Examples of variables of interest are below. Importantly the
dates relating to patient recruitment, the timing of the
measurement of variables and the date of follow-up are also
required.
Continuous variables (and date measured)
1. Age
2. BMI
3. HbA1c
4. ABI
5. Peak plantar pressure (PPP)
6. Duration of diabetes
Binary and other categorical variables (and date measured)
1. Gender
2. Cutaneous sensation (monofilaments)
3. Vibration Perception Thresholds (VPT (tuning forks
and neuro or biothesiometers))
4. Absent pedal pulses
5. Diabetes-related medication use
Outcome variable; Incident foot ulceration (present/
absent) and time to ulceration (date measured).
Supplying the data
The authors of the cohort studies will be able to supply
data in any way that is most convenient to them. A
single individual will be identified for each study to
whom all queries about the data collection processes
and transformation of individual variables will be
addressed. The research committee structures can be
found in Additional file 4: Appendix 4.
Ethics and governance
The ethics of obtaining data collected from a number of
sources which cross international boundaries and different
legal systems have been carefully considered and informed
by ethics advice issued by the Medical Research Council
(UK). This study does not require separate ethical commit-
tee approval for the following reasons;
 Investigators of each of the original studies obtained
local ethical committee approval and written,
informed patient consent prior for each of the
cohorts included in the IPD review.
 The project seeks anonymised data from which the
individuals recruited to the original study cannot be
identified [32].
The value of the IPD analysis will be the production of
a global dataset of prognostic factors for diabetic foot
disease and the opportunities for new uses will be
maximised. Anonymised data from each of the
collaborators of the primary cohort studies will be
transported in a manner deemed most convenient to
original study investigators including encrypted USB
sticks if required.
Data will then be formatted in a consistent way to
permit a re-analysis. Data will be stored in password
protected files on a secure University of Edinburgh
computer [University of Edinburgh Data protection
registration number: [Z6426984]] and will only be
accessible by a member of the Data Management
Committee, membership of which can be found in
the appendices.
This protocol incorporates a data confidentiality agree-
ment which makes clear the need for the data provided to
de-identify individual patients. It also includes an assurance
that the original investigators are in possession of local
ethical approval for their study.
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Regular e-mail updates will be used to inform the inter-
national group of our activities. Electronic media such as
Drop Box and e-mail may be used to store and exchange
data and paperwork between the original investigators
and the researchers. When researchers are cleaning a
specific data set they may communicate with the original
investigators via telephone discussions or by email.
Collaborators face to face meeting
Once the initial analysis has been performed, a face-to-face
meeting of all collaborators will be convened. The purpose
of the meeting is to allow the collaborators know the
results of the review and meta-analysis first and to have
the opportunity to interpret the data and question the
findings Additional file 5: Appendix 5 and Additional file 6:
Appendix 6.
Reporting
In the final report we will clearly present the methods of
the review such as tabulated characteristics of included
studies and details of study designs. The report will
conform to recommendations in the PRISMA checklist.
Formal synthesis of the results and formal assessments
of study quality will also be presented [33].
This protocol is registered with PROSPERO (Inter-
national Prospective Register of Systematic Reviews) at
the NHS Centre for Reviews and Dissemination (CRD)
at the University of York [34].[ R e g i s t r a t i o nn u m b e r :
CRD42011001841].
Public Partners Involvement (PPI)
The research is supported by a public partner from
Diabetes UK who ensures the research incorporates
aspects of risk assessment that matter to patients. His
views, opinions and perspective have ensured the study
documentation and data collection processes are acceptable
to the general diabetic population.
Additional files
Additional file 1: Appendix 1. Flow diagram of the stages in an IPD
review adapted from Stewart and Clark 1995
10.
Additional file 2: Appendix 2. Embase and MEDLINE searches.
Additional file 3: Appendix 3. Questionnaire to determine the
methodological standards adopted in cohort studies evaluating the
prognostic factors for foot ulceration in diabetes.
Additional file 4: Appendix 4. List of the most common variables
reported in cohort studies.
Additional file 5: Appendix 5. Committees and members.
Additional file 6: Appendix 6. Data agreement for the collaborators.
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